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Vn|uplrq vwulqjv dqg wkh dqrpdorxv Kdoo hhfw lq FuR5
K1 \dqdjlkdud
 
dqg P1E1 Vdodprq
✁
Ghsduwphqw ri Sk|vlfv dqg Pdwhuldov Uhvhdufk Oderudwru|/
Xqlyhuvlw| ri Loolqrlv dw Xuedqd0Fkdpsdljq
4443 Z1 Juhhq Vwuhhw/ Xuedqd LO 94;34
+Gdwhg= Mxqh 4</ 5335,
Devwudfw
Dv lq vxfk 5G v|vwhpv dv wkh [\ prgho/ wrsrorjlfdo +ru vlqjxodulw| srlqw, ghihfwv duh wkrxjkw
wr sod| d fuxfldo uroh lq wkh skdvh wudqvlwlrqv ri 6G vslq v|vwhpv1 Lq grxeoh h{fkdqjh +GH,
ihuurpdjqhwv/ wkh frqgxfwlrq hohfwurqv duh vwurqjo| frxsohg zlwk fruh vslqv wkurxjk Kxqg*v uxoh/
dqg lq wkh suhvhqfh ri qrq0wulyldo vslq wh{wxuh/ dftxluh d Ehuu| skdvh frqwulexwlrq wr wkh dqrpdorxv
Kdoo hhfw +DKH,1 Zh frpelqh Kdoo dqg pdjqhwl}dwlrq gdwd rq FuR ✂ zlwk d wkhuprg|qdplfdo
vfdolqj k|srwkhvlv wr frqup wkdw wkh fulwlfdo ehkdylru ri wkh wrsrorjlfdo0vslq0ghihfw ghqvlw| lv
frqvlvwhqw zlwk wkdw ri wkh khdw fdsdflw|1 Wklv dqdo|vlv lv wkh uvw h{shulphqwdo frqupdwlrq ri
wkh wrsrorjlfdo fkdudfwhu ri fulwlfdo  xfwxdwlrqv1
✄
Hohfwurqlf dgguhvv= |dqdjlkdCxlxf1hgx
☎
Hohfwurqlf dgguhvv= vdodprqCxlxf1hgx
4
Wrsrorjlfdoo| vwdeoh ghihfwv lq pdwhuldov riwhq sod| d nh| uroh lq skdvh wudqvlwlrq skhqrp0
hqd1 Wrsrorjlfdo ghihfwv +ru yruwlfhv, duh nqrzq wr gulyh skdvh wudqvlwlrqv lq d odujh fodvv
ri 5G v|vwhpv/ lqfoxglqj vxshu xlg opv/ 5G fu|vwdov/ dqg sodqdu0vslq +[\, prghov ^4/ 5`1
Lq 5G v|vwhpv/ vlqjxodu h{flwdwlrqv +wrsrorjlfdo ghihfwv, fdq eh vhsdudwhg iurp qrqvlqjxodu
rqhv +vslq zdyhv, dqg wuhdwhg dqdo|wlfdoo|/ ohdglqj wr wkh frqfoxvlrq wkdw wrsrorjlfdo ghihfwv
duh erwk qhfhvvdu| dqg vx!flhqw wr ghvfuleh wkh fulwlfdo surshuwlhv1 Ehfdxvh wkh uroh ri
wrsrorjlfdo ghihfwv lq 6G v|vwhpv kdv qrw ehhq lqyhvwljdwhg dqdo|wlfdoo|/ zh pxvw uho| rq
Prqwh Fduor +PF, fdofxodwlrqv^68` iru hylghqfh wkdw wrsrorjlfdo ghihfwv sod| d fuxfldo uroh
lq wkh skdvh wudqvlwlrqv ri/ h1j1 6G Khlvhqehuj ihuurpdjqhwv1 Lq 4<;</ Odx dqg Gdvjxswd
+OG,^7` shuiruphg PF fdofxodwlrqv rq wkh fodvvlfdo 6G Khlvhqehuj prgho/ erwk doorzlqj
dqg vxssuhvvlqj wrsrorjlfdo ghihfwv1 Zlwkrxw vxfk ghihfwv/ wkh v|vwhp uhpdlqv rughuhg dw
doo whpshudwxuhv/ lqglfdwlqj wkdw wrsrorjlfdo h{flwdwlrqv sod| d fhqwudo uroh lq wkh skdvh wudq0
vlwlrq1 Doorzlqj wrsrorjlfdo ghihfwv/ wkh| frqfoxghg wkdw dknl=dT  mtm  
✁
/ zkhuh knl lv wkh
ghihfw ghqvlw|/ t ' ET  T ✂ =T ✂ / ¨  f:SD dqg vxjjhvwhg wkdw knl lv d glvrughu sdudphwhu1
Vhyhudo |hduv odwhu/ krzhyhu/ Krop dqg Mdqnh +KM,^6` uhshdwhg wkh PF vlpxodwlrq xvlqj
odujhu odwwlfhv1 Wkh| uhdvrqhg wkdw txdvl0orfdo ghihfwv vkrxog kdyh hqhuj|0olnh fkdudfwhu dqg/
frqwudu| wr OG*v frqfoxvlrq/ irxqg zhdn hylghqfh wkdw dknl=dT  mtm  ☎✄ ( l1h1/ frqwuroohg e|
wkh khdw0fdsdflw| h{srqhqw 1 Zkloh wkh PF hylghqfh lv vwurqj/ lw lv yhu| lpsruwdqw wr
hvwdeolvk wkh h{lvwhqfh ri vxfk ghihfwv h{shulphqwdoo| dqg wr vwxg| krz wkh| duh uhodwhg wr
wkh ihuurpdjqhwlf0sdudpdjqhwlf skdvh wudqvlwlrq1
Wkh wrsrorjlfdo ghihfwv ghwhfwhg e| OG surgxfh d qrq0wulyldo vslq wh{wxuh wkdw/ lq wkh
suhvhqfh ri vwurqj frxsolqj ehwzhhq wkh frqgxfwlrq0hohfwurq dqg fruh vslqv/ frqwulexwhv wr
wkh Kdoo hhfw yld wkh lqgxfhg Ehuu| skdvh ^943`1 Dv wklv frqwulexwlrq uhtxluhv wkh suhvhqfh
ri qrq0}hur pdjqhwl}dwlrq +dqg vslq0ruelw frxsolqj, zh ghqrwh lw khuh dv wkh dqrpdorxv
Kdoo hhfw +DKH,/ hyhq wkrxjk lw lv qrw vlpso| sursruwlrqdo wr wkh pdjqhwl}dwlrq1 Zh
dvvhuw wkdw lq grxeoh0h{fkdqjh +GH, v|vwhpv wkh vwurqj frxsolqj ehwzhhq wkh vslq ri wkh
dwrplf fruh dqg wkdw ri wkh preloh hohfwurq pdnh wkh DKH d vhqvlwlyh sureh ri wkh qdwxuh
ri wrsrorjlfdo vslq ghihfwv lq 6G v|vwhpv1
Dffruglqj wr uhfhqw lqvljkwv lqwr wkh edqg vwuxfwxuh ri FuR
✂
e| Nrurwlq hw do1^44`/ FuR
✂
fdq eh uhjdughg dv d vhoi0grshg GH v|vwhp gxh wr vwurqj k|eulgl}dwlrq ri d✆✞✝ dqg d ✝✠✟ ruelwdov
zlwk r{|jhq p ruelwdov dqg Kxqg*v0uxoh frxsolqj ri wkhvh lwlqhudqw d0hohfwurqv zlwk wkh
orfdol}hg d ✟✞✆ fruh1 Zlwk rqh d0hohfwurq orfdol}hg dqg rqh lwlqhudqw Fu
✡☞☛
lv vlplodu wr Pq lrqv
5
lq vrph grshg pdqjdqlwhv wkdw vkrz frorvvdo pdjqhwruhvlvwdqfh +FPU,1 Xqolnh wkhvh FPU
pdqjdqlwhv/ FuR
✂
kdv qr vwurqj Mdkq0Whoohu hhfwv/ qr glvrughu dqg qr irupdoo| glhuhqw
ydohqfh ^44`1 H{fhsw iru wkh ruljlq ri ihuurpdjqhwlvp/ FuR
✂
lv pruh olnh d frqyhqwlrqdo
ihuurpdjqhwlf phwdo vxfk dv Ql dqg wkhuhiruh fdq eh dq dssursuldwh pdwhuldo lq zklfk wr
vwxg| sxuh GH ihuurpdjqhw surshuwlhv1
FuR
✂
opv zhuh jurzq e| dpelhqw suhvvxuh fkhplfdo ydsru ghsrvlwlrq rq uxwloh +efw
vwuxfwxuh, WlR
✂
+433, vxevwudwhv iroorzlqj wkh uhflsh ghyhorshg e| Lvkledvkl hw do1^45` Wkh
vdwxudwlrq prphqw ri wklv pdwhuldo dw orz whpshudwxuh lv forvh wr 5    =i1x1/ vxjjhvwlqj
wkdw wkh vdpsoh lv vwrlfklrphwulf1 Wkh vdpsoh uhsruwhg khuh lv  2ff È wklfn dqg zdv
sdwwhuqhg e| skrwrolwkrjudsk| dqg Du0lrq ehdp ploolqj1 Lq rughu wr phdvxuh uhvlvwdqfh
dqg Kdoo yrowdjhv dorqj wkh lqhtxlydohqw lq0sodqh gluhfwlrqv/ wkh vdpsoh zdv sdwwhuqhg dv
vkrzq lq wkh orzhu lqvhw ri Ilj1 4> wkdw lv/ wkh fxuuhqw sdwk lv O vkdshg/ wkh eduv doljqhg
dorqj bEkffl,dqg cd{hv +kffl, uhvshfwlyho|1 Wkh zlgwk ri wkh fxuuhqw sdwk lv 433 p
dqg wkh glvwdqfh ehwzhhq wzr yrowdjh ohdgv iru wkh uhvlvwdqfh phdvxuhphqw lv 833 p1 Wkh
vwuxfwxudo txdolw| ri wkh op zdv fkhfnhg e| {0ud| gludfwlrq> zh frxog qg qr fkurplxp
r{lgh vljqdov ehvlghv wkh fruuhfw skdvh ri FuR
✂
E2ff1 Wkh r0vshfxodu uh hfwlrqv vkrz 50irog
v|pphwu| frquplqj hslwd{ldo jurzwk1 Wkh uhvlgxdo uhvlvwlylw| udwlr +RRR  ¢ ✁✄✂☎✂✄✆ =¢ ✝✞✂✄✆ , lv
dqrwkhu fulwhulrq ri txdolw| iru d phwdoolf vdpsoh dqg lv derxw 99 iru cd{lv dqg 53 iru bd{lv
+Ilj1 4,/ vlplodu wr hduolhu uhvxowv ^46`1 Wkh uhvlvwlylw| lq erwk gluhfwlrqv vkrzv dq lq hfwlrq
srlqw durxqg T ' Hf N fruuhvsrqglqj wr T ✂ 1 Dv vkrzq lq wkh lqvhw ri Ilj1 4/ xvlqj wkh
Ilvkhu0Odqjhu prgho iru d¢=dT ^47`/ zh ghwhuplqhg T ✂ ' 6;61; N dqg fulwlfdo h{srqhqw
@ 0314:> wkh odwwhu djuhhv zlwk wkh ydoxh iurp wkh vfdolqj uhodwlrq  n 2 n  ' 2/ zlwk
 ' f:.;  ' :e iru FuR
✂
^48`1 Wklv djuhhphqw ri wkh Ilvkhu0Odqjhu h{srqhqw zlwk fulwlfdo
h{srqhqwv iurp wkh pdjqhwl}dwlrq phdvxuhphqwv frqup wkdw FuR
✂
lv d 6G Khlvhqehuj0
olnh ihuurpdjqhw1 Zh qrwh wkdw d suhylrxv vfdolqj dqdo|vlv ri d sro|fu|vwdoolqh vdpsoh jdyh
wrwdoo| glhuhqw h{srqhqw + ' f:.,^49`1 Lw dsshduv wkdw wkh Ilvkhu0Odqjhu uhodwlrq lv
ydolg iru wklv fodvv ri ihuurpdjqhwv ghvslwh wkh xqfrqyhqwlrqdo ihuurpdjqhwlf phfkdqlvp dqg
uhodwlyho| orz +exw phwdoolf, frqgxfwlylw|1
Lq Ilj1 5/ zh sorw wkh hog ghshqghqw Kdoo uhvlvwlylw| dw ydulrxv whpshudwxuhv iurp 43 wr
7;3 N1 Wkh Kdoo uhvlvwlylw| ri pdjqhwlf pdwhuldov lv xvxdoo| h{suhvvhg e|
¢
✟✞✆
 E ✟✞✆ =j ✟ ' R ✂ B nR ✟  ✂ M; +4,
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zlwk R ✂ wkh ruglqdu| dqg R ✟ wkh dqrpdorxv Kdoo frh!flhqwv1 Wkurxjkrxw rxu h{shulphqw/
pdjqhwlf hogv zhuh dssolhg shushqglfxodu wr wkh op sodqh/ EH==kffl dqg wkhuhiruh wkh
ghpdjqhwl}dwlrq idfwru fdq eh uhjdughg dv xqlw|1 Dv rqh fdq vhh/ erwk gluhfwlrqv ri wkh Kdoo
uhvlvwlylw| +rshq flufohv dqg olqhv, duh lghqwlfdo zlwklq dq h{shulphqwdo huuru/ lq djuhhphqw
zlwk Rqvdjhu*v sulqflsoh wkdw ¢
✟ ✆
' ¢
✆✞✟
uhjdugohvv ri fu|vwdo rulhqwdwlrq1 Dv qrwhg deryh/
zh whup ¢
 
✟ ✆
' ¢
✟✞✆
 R ✂ B wkh dqrpdorxv Kdoo uhvlvwlylw|/ ru DKH1 Jhqhudoo|/ wkh orz whp0
shudwxuh Kdoo hhfw dulvhv rqo| iurp wkh ruglqdu| +RKH, li wkhuh lv qr lqwulqvlf vslq glvrughu
ru iuxvwudwlrq ^<`1 Wkh RKH lv kroh0olnh dw orz whpshudwxuhv/ lq djuhhphqw zlwk hduolhu zrun
^46` exw dsshduv wr kdyh d nlqn lq wkh orz whpshudwxuh ¢
✟ ✆
fxuyhv dw durxqg B '  W/ sure0
deo| qrw gxh wr DKH exw udwkhu RKH iurp wkh frpsolfdwhg pxowledqg vwuxfwxuh^4:`1 Deryh
433 N/ wkh DKH judgxdoo| dulvhv dqg wkh ¢
✟ ✆
fxuyhv ehfrph odujh dqg qhjdwlyh/ lqglfdwlyh
ri dq hohfwurq0olnh DKH1 Zlwk lqfuhdvlqj whpshudwxuh/ wkh pdjqlwxgh ri ¢
✟✞✆
pd{lpl}hv mxvw
ehorz T ✂ +@6;7 N, zlwk rxu dfklhydeoh hog/ dqg judgxdoo| ghfuhdvhv1 Wklv ehkdylru lv txdo0
lwdwlyho| txlwh vlplodu wr wkdw ri FPU v|vwhpv dqg vkrxog eh h{sodlqhg e| wkh Ehuu| skdvh
wkhru| ^9/ 43` udwkhu wkdq frqyhqwlrqdo vslq vfdwwhulqj phfkdqlvpv vxfk dv vlgh mxps dqg
vnhz vfdwwhulqj^4;`1
Dffruglqj wr wkh PF vlpxodwlrqv^69`/ wrsrorjlfdo ghihfwv duh gloxwh dw orz whpshudwxuhv
zlwk srvlwlyh Q ' n+khgjhkrjv, dqg qhjdwlyh Q ' +dqwl0khgjhkrjv, vhsdudwhg e| wkh
odwwlfh vsdflqj a dqg vwurqjo| erxqg lqwr sdluv +ru vwulqjv,1 Hdfk sdlu dfwv dv d odwwlfh0
vsdflqj0vl}h pdjqhwlf glsroh1 Wkh whpshudwxuh ghshqghqfh ri wkh wrsrorjlfdo vslq0ghihfw
sdlu ghqvlw| n dw orz whpshudwxuhv lv jlyhq e| knl 2 i TEE ✂ =k   T / zkhuh E ✂ lv wkh
fruh hqhuj| ri d sdlu1 Zhoo ehorz T ✂ / wkh ghihfw sdluv duh gloxwh dqg ehkdyh lqghshqghqwo|1
Zkhq vslq0ruelw frxsolqj  ✁✄✂ lv wdnhq lqwr dffrxqw/ d jdxjh hog kb ✝ l dsshduv gxh wr d
voljkw lpedodqfh ehwzhhq wkh qxpehuv ri sdlu glsrohv rulhqwhg sdudooho dqg dqwlsdudooho wr
pdjqhwl}dwlrq M =
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Khuh/ x ✂  hc=e ' e:D.f  
✝☎✞
Ze/ dqg n ✆✄✝ E f:D lv wkh qxpehu ri fduulhuv shu xqlw fhoo1
Zh qhjohfw kljkhu wrsrorjlfdo fkdujh ghihfwv EmQm  21 Ehfdxvh  ✁✄✂ lv vpdoo frpsduhg wr
k   T / zh fdq h{sdqg wkh k|shuerolf ixqfwlrq wr qg kb ✝ l 2M; d uhvxow frquphg ryhu zlgh
7
udqjh ri whpshudwxuhv e| d PF vlpxodwlrq ri wkh grxeoh0h{fkdqjh prgho e| Fdoghuöq dqg
Euh|1 ^9`1 Wklv M0ghshqghqw jdxjh hog surgxfhv wkh DKH1 Frpelqlqj wkh gdwd lq Ilj1
5 zlwk M H fxuyhv zlwk H==dffo/ zh vhsdudwhg R ✟ dqg R ✂ e| wwlqj wr Ht1 +4,1 Wkh
whpshudwxuh ghshqghqw R ✟ lv vkrzq lq Ilj1 61 Txdolwdwlyho|/ wklv uhvxow vkrzv yhu| jrrg
djuhhphqw zlwk \h hw do1*v suhglfwlrq dv zhoo dv Fdoghuöq dqg Euh|*v fdofxodwlrq> wkdw lv/ R ✟
jurzv h{srqhqwldoo| dw orz whpshudwxuh/ kdv dq lq hfwlrq srlqw qhdu T ✂ ; dqg wkhq vkrzv
d pd{lpxp dw  T ✂ n f N ehiruh ghfuhdvlqj judgxdoo| dw kljk whpshudwxuh1 H{sdqglqj
Ht1+5, lq wkh orz whpshudwxuh uhjlph/ zh fdq vlpso| ghvfuleh R ✟ e|
R ✟ 
¢
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✟✞✆
 ✂ M
' 
x ✂
¡
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k   T
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g    ✂
knlR ✂ 2 i TEE ✂ =k   T =T: +6,
Zh w wkh gdwd vkrzq lq Ilj1 6 e| xvlqj Ht1 +6, ryhu d whpshudwxuh uhjlrq zkhuh wkh
lqghshqghqw vwulqj slfwxuh vkrxog eh ydolg/ rewdlqlqj dq h{srqhqwldo lqfuhdvh zlwk E ✂ 
ff N  T ✂ 1 Prqwh Fduor fdofxodwlrqv iru GH ru Khlvhqehuj prghov jlyh glhuhqw ydoxhv
iru E ✂ ; exw djuhh rq wkh wrsrorjlfdo ghihfw sdlu ghqvlw| dw T ✂ / knlm  ✂✁✂ ☎✄  f:fD ^6/ 7/ 9`/
{lqj wkh h{srqhqwldo suhidfwru1 Zlwk n ✆✄✝  f:D/ zh rewdlq d odujh/ exw vwloo sodxvleoh/ ydoxh
iru wkh vslq0ruelw frxsolqj  ✁✄✂  f N1 Rxu E ✂ lv vxevwdqwldoo| vpdoohu wkdq h{shfwhg iurp
frpelqlqj Rvwoxqg*v ^4<` dqdo|wlf ydoxh e¡J iru wkh Khlvhqehuj prgho zlwk wkh PF fulwlfdo
whpshudwxuh T ✂ ' :DJ wr jhw E ✂ ' H:eT ✂ > lw lv dovr vpdoohu wkdq rewdlqhg e| wkh PF
vlpxodwlrq ri d fodvvlfdo grxeoh0h{fkdqjh ihuurpdjqhw +E ✂  .T ✂ ,1 ^9` Krzhyhu/ wkh hqhuj|
iru vpdoo ghyldwlrqv lq wkh dqjoh ehwzhhq qhljkerulqj vslqv lv sursruwlrqdo  ULt   
✂
=2
lq wkh Khlvhqehuj fdvh/ zkloh wkh grxeoh0h{fkdqjh hqhuj| ydulhv dv   ULtE=2  
✂
=H/
ghfuhdvlqj wkh fruh hqhuj| wr ¡J iru d grxeoh h{fkdqjh v|vwhp ^53`1 Xvlqj wkh wudqvlwlrq
whpshudwxuh T ✂ ' :fSJ iurp Fdoghuöq dqg Euh|/ zh vhh wkdw E ✂ ' T ✂ lv wkh h{shfwhg
fruh hqhuj|1
Wkh PF vlpxodwlrqv vkrz wkdw wkh h{srqhqwldo ulvh lq knl jlyhv zd| wr dq lq hfwlrq srlqw
qhdu T ✂ ; fdxvlqj dknl=dT / dqg wkhuhiruh dR ✟ =dT; wr h{klelw d shdn1 Odx dqg Gdvjxswd
lqglfdwhg wkdw wkh shdn ehkdyhv  mtm  
✁
; zlwk ¨  f:SD; zkloh KM*v vlpxodwlrq vxjjhvwhg
wkh zhdnhu vlqjxodulw|  mtm  ☎✄ ; zkhuh  lv wkh vshflf khdw h{srqhqw1 \h/ hw do1 hqgruvhg
KM*v vxjjhvwlrq/ exw h{shfwhg wklv zhdn dqrpdo| wr eh revfxuhg e| wkh qlwh hog uhtxluhg
wr revhuyh wkh DKH^43`1 Zh gr vhh dq lq hfwlrq0olnh dqrpdo| dw T ✂ exw fdqqrw h{wudfw wkh
fulwlfdo ehkdylru ri wkh wrsrorjlfdo ghihfwv iurp Ilj1 61 Udwkhu/ zh h{whqg KM*v vfdolqj dqvdw}
e| lqfoxglqj wkh vfdohg pdjqhwlf hog dqg vhhn wr froodsvh wkh Kdoo gdwd dv frpprqo| grqh
8
iru rwkhu surshuwlhv qhdu d fulwlfdo srlqw1 Vfdolqj lq idyru ri wkh pdjqhwlf hog e| vhwwlqj
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; +7,
zkhuh t dqg h duh uhgxfhg T dqg H/ uhvshfwlyho|/ fEx; y lv d vfdolqj ixqfwlrq ri wkh iuhh
hqhuj| ^54` dqg knl
✝
✆✟✞ lv wkh qrq0fulwlfdo sduw ri wkh ghihfw0sdlu ghqvlw|1 Ehfdxvh ¢
 
✟ ✆
lv
sursruwlrqdo wr wkh pdjqhwl}dwlrq/ zh holplqdwh wkh h{solflw hog ghshqghqfh lq Ht1+7, yld
wkh xvxdo vfdolqj ehkdylru ri wkh pdjqhwl}dwlrq/ mEt; h ' h
✝
✄☞✁
gEt=h
✝
✄☛ ✂✁
;  wr rewdlq wkh
iroorzlqj vfdolqj htxdwlrq iru knl/
knl ' knl ✝
✆✟✞
m
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✁ ; +8,
zkhuh wkh vfdohg whpshudwxuh lv x ' t=h
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1 Frpelqlqj wklv zlwk Ht1+6,/ zh fdq h{suhvv
wkh dqrpdorxv Kdoo uhvlvwlylw| dv d ixqfwlrq ri m dqg vfdohg whpshudwxuh/
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Lq wklv htxdwlrq/ DEx lv wkh iudfwlrq whup lq Ht1 +8, glylghg e| knl
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frqwdlqv doo
rwkhu frqvwdqwv1 Ilj1 7 vkrzv wkh ydulrxv lvrwkhupv ri ¢
✟✞✆
T dv d ixqfwlrq ri wkh uhgxfhg
pdjqhwl}dwlrq/ m  M=M ✂ 1 Dw orz whpshudwxuh/ erwk m dqg ¢
✟ ✆
lqfuhdvh udslgo| dv
wkh grpdlqv duh vzhsw rxw1 Wkh voljkw srvlwlyh lqfuhdvh lq wkh Kdoo uhvlvwlylw| forvh wr
vdwxudwlrq lv iurp wkh RKH1 Dv whpshudwxuh lqfuhdvhv/ wkh dqrpdorxv whup grplqdwhv dqg
wkh vljqdwxuh ri wkh ruglqdu| whup ehfrphv gl!fxow wr ghwhfw1 Forvh wr wkh T ✂ ' He N/
wkh ¢
✟✞✆
T fxuyhv uhdfk d pd{lpxp dw m  f:S1 Wkh h{wuhpxp ri Ht1 +9, lv dw m '
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iru  ' f:. dqg  ' f:.1 Wkh fxuyh ri Ilj1
7 iroorzv wkh h{shulphqwdo gdwd qhdu wkh fulwlfdo whpshudwxuh iru DEx ' f ' :21 Wkh
gdvkhg fxuyh uhsuhvhqwv wkh ehvw w zkhq wkh OG h{srqhqw ¨ ' f:SD lv xvhg lq sodfh ri (
D ' f:H lq wkdw fdvh1 Dorqj x ' f/ zh h{shfw ¢
 
✟ ✆
$ f dv m $  vr wkdw DEf   lv qrw
vxusulvlqj1 Lw lv uhpdundeoh wkdw wkh zlgh udqjh ri hogv dqg whpshudwxuhv wkdw frpsulvh
wkh sorwv lq Ilj1 7 froodsvh dv wkh| gr1 Wklv uhvxow vwurqjo| vxssruwv KM*v vxjjhvwlrq wkdw
dknl=dT kdv wkh vdph h{srqhqw dv wkh khdw fdsdflw| dqg dggv fuhgdqfh wr OG*v dvvhuwlrq
wkdw wkh wrsrorjlfdo vslq ghihfwv sod| fuxfldo uroh lq wkh skdvh wudqvlwlrq/ 1
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Zh frqfoxgh wkdw wkh DKH ri FuR
✂
/ d vhoi0grshg GH v|vwhp/ lv frqvlvwhqw zlwk \h hw
do1*v wkhru| dqg Fdoghuöq hw do1*v PF vlpxodwlrq lq zklfk wrsrorjlfdo vslq ghihfwv surgxfh
d vwurqj jdxjh hog/ sursruwlrqdo wr wkh pdjqhwl}dwlrq dqg dgghg wr wkh dssolhg sk|vlfdo
hog1 Ixuwkhu dq h{whqghg vfdolqj k|srwkhvlv iru wkh wrsrorjlfdo vslq0ghihfw ghqvlw| h{sodlqv
wkh ehkdylru ri ¢
✟✞✆
dorqj wkh fulwlfdo lvrwkhup dqg eh|rqg1 Zh kdyh dujxhg wkdw wkh DKH
lv wkh uvw h{shulphqwdo phwkrg deoh wr sureh wkh h{lvwhqfh dqg surshuwlhv ri wrsrorjlfdo
vslq ghihfwv lq d 6G Khlvhqehuj0olnh ihuurpdjqhw1 Wkh surqrxqfhg Ehuu| skdvh lqgxfhg e|
vslq wh{wxuh lq d grxeoh h{fkdqjh pdjqhw kdv rshqhg wkh rssruwxqlw|/ iru wkh uvw wlph/ wr
h{soruh wkh ixqgdphqwdo uroh wrsrorjlfdo ghihfwv sod| lq wkh fulwlfdo ehkdylru ri 6G v|vwhpv1
Dfnqrzohgjphqwv
Zh duh judwhixo wr T1 Vl/ S1 Jrogeduw/ \1 O|dqgd0Jhoohu/ Q1 Jroghqihog dqg P1M1 Fdoghuöq
iru khosixo glvfxvvlrqv1 K\ dovr wkdqnv W1 Edqnv/ W1 Qdplndzd dqg E1 Gdylgvrq iru wkhlu
dgylfh derxw vdpsoh jurzwk dqg plfur ideulfdwlrq1 Wklv pdwhuldo lv edvhg xsrq zrun vxs0
sruwhg e| wkh X1V1 Ghsduwphqw ri Hqhuj|/ Glylvlrq ri Pdwhuldov Vflhqfhv xqghu Dzdug Qr1
GHIJ350<4HU7876</ wkurxjk wkh Iuhghulfn Vhlw} Pdwhuldov Uhvhdufk Oderudwru| dw wkh
Xqlyhuvlw| ri Loolqrlv dw Xuedqd0Fkdpsdljq1
:
^4` M1 P1 Nrvwhuolw}/ M1 Sk|v1 F= Vrolg Vwdwh Sk|v1 :/ 4379 +4<:7,1
^5` M1 P1 Nrvwhuolw} dqg G1 M1 Wkrxohvv/ M1 Sk|v1 F= Vrolg Vwdwh Sk|v1 9/ 44;4 +4<:6,1
^6` F1 Krop dqg Z1 Mdqnh/ M1 Sk|v1 D= Pdwk1 Jhq1 5886/ 5886 +4<<7,1
^7` P1 krw Odx dqg F1 Gdvjxswd/ Sk|v1 Uhy1 E 6</ :545 +4<;<,1
^8` P1 Ndpdo dqg J1 Pxuwk|/ Sk|v1 Uhy1 Ohww1 :4/ 4<44 +4<<6,1
^9` P1 M1 Fdoghuöq dqg O1 Euh|/ Sk|v1 Uhy1 E 96/ 387754 +5334,1
^:` V1 K1 Fkxq/ P1 E1 Vdodprq/ \1 O|dqgd0Jhoohu/ S1 P1 Jrogeduw/ dqg S1 Kdq/ Sk|v1 Uhy1 Ohww1
;7/ :8: +5333,1
^;` \1 O|dqgd0Jhoohu/ V1 K1 Fkxq/ P1 E1 Vdodprq/ S1 P1 Jrogeduw/ S1 Kdq/ \1 Wrplrnd/ dqg
\1 Wrnxud/ Sk|v1 Uhy1 E 96/ 4;7759 +5334,1
^<` \1 Wdjxfkl/ \1 Rrkdwd/ K1 \rvkl}dzd/ Q1 Qdjdrvd/ dqg \1 Wrnxud/ Vflhqfh 5<4/ 58:6 +5334,1
^43` M1 \h/ \1 E1 Nlp/ D1 M1 Ploov/ E1 L1 Vkudlpdq/ S1 Pdmxpgdu/ dqg ]1 Whµdqrylf/ Sk|v1 Uhy1
Ohww1 ;6/ 6:6: +4<<<,1
^44` P1 D1 Nrurwlq/ Y1 L1 Dqlvlpry/ G1 L1 Nkrpvnll/ dqg J1 D1 Vdzdw}n|/ Sk|v1 Uhy1 Ohww1 ;3/
7638 +4<<;,1
^45` V1 Lvkledvkl/ W1 Qdplndzd/ dqg P1 Vdwrx/ Pdwhu1 Uhv1 Exoo1 47/ 84 +4<:<,1
^46` [1 Z1 Ol/ D1 Jxswd/ W1 U1 PfJxluh/ S1 U1 Gxqfrpeh/ dqg J1 [ldr/ M1 Dsso1 Sk|v1 ;8/ 88;8
+4<<<,1
^47` P1 H1 Ilvkhu dqg M1 V1 Odqjhu/ Sk|v1 Uhy1 Ohww1 53/ 998 +4<9;,1
^48` I1 \1 \dqj/ F1 O1 Fklhq/ [1 Z1 Ol/ J1 [ldr/ dqg D1 Jxswd/ Sk|v1 Uhy1 E 96/ 3<5736 +5334,1
^49` M1 V1 Nrxyho dqg G1 V1 Urgehoo/ Sk|v1 Uhy1 Ohww1 4;/ 548 +4<9:,1
^4:` V1 P1 Zdwwv/ V1 Zluwk/ V1 yrq Proqäu/ D1 Eduu|/ dqg M1 P1 G1 Frh|/ Sk|v1 Uhy1 E 94/ <954
+5333,1
^4;` F1 P1 Kxug/ Wkh Kdoo hhfw lq phwdov dqg door|v +Sohplxp suhvv/ Qhz \run0Orqgrq/ 4<:5,1
^4<` V1 Rvwoxqg/ Sk|v1 Uhy1 E 57/ 7;8 +4<;4,1
^53` \1 O|dqgd0Jhoohu dqg S1 Jrogeduw/ sulydwh frppxqlfdwlrq +5335,1
^54` K1 H1 Vwdqoh|/ Lqwurgxfwlrq wr Skdvh Wudqvlwlrq dqg Fulwlfdo Skhqrphqd +R{irug Xqlyhuvlw|
Suhvv/ Qhz \run/ 4<:4,1
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ILJ1 4= Uhvlvwlylw| ri FuR ✂ iru b dqg c gluhfwlrqv dv d ixqfwlrq ri whpshudwxuh1 Wkh ¢ ✁✄✂✄✂✁  =¢ ✝ ✂✁ 
udwlr lv 53 iru bd{lv dqg 99 iru cd{lv1 Wkh xsshu lqvhw vkrzv wkh whpshudwxuh ghulydwlyh ri ¢
✟ ✟
iru erwk gluhfwlrqv1 Wkh urxqghg uhjlrq lv h{foxghg dv qrw lq wkh fulwlfdo uhjlrq iru wwlqj1 Wkh
orzhu lqvhw lv d Kdoo sdwwhuq iru wklv h{shulphqw wr phdvxuh erwk b dqg c gluhfwlrqv dw rqfh1
<
-2.0
-1.5
-1.0
-0.5
0
0.5
1.0
ρ x
y 
(µΩ
 
cm
)
86420
B  (T)
10 K
100 K
240 K
200 K
300 K
360 K
380 K
400 K
480 K
420 K
 I // b -axis
 I // c -axis
ILJ1 5= Ilhog ghshqghqfh ri Kdoo uhvlvwlylw| ¢
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+H, dw ydulrxv whpshudwxuhv1 Dw orz whpshudwxuh/
wkh dqrpdorxv sduw fdqqrw eh revhuyhg exw d voljkw nlqn lv vhhq dw orz hog/ uh hfwlqj wkh frpsol0
fdwhg pxowledqg vwuxfwxuh1 Durxqg T ✂ / wkh dqrpdorxv Kdoo frpsrqhqw lv grplqdqw dqg kdv d vljq
rssrvlwh wr wkh ruglqdu| Kdoo frh!flhqw1 Wkh vrolg olqhv dqg rshq flufohv duh wkh Kdoo uhvlvwlylw|
iru b dqg c gluhfwlrqv/ uhvshfwlyho|1 Wkh| duh lghqwlfdo zlwklq wkh h{shulphqwdo huuru1
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ILJ1 6= Dqrpdorxv Kdoo frh!flhqw R ✟ rewdlqhg e| wwlqj ri Ht1 +4,1 Ehfdxvh ri wkh gl!fxow| lq
vhsdudwlqj R ✟ iurp R ✂ / wkh gdwd srlqwv lq wkh sdudpdjqhwlf uhjlph duh xqfhuwdlq/ wkh srlqwv ehorz
733 N duh hdvlo| ghfrpsrvhg1 Wkh vrolg olqh lv d wwhg uhvxow ri Ht1 +6,1 R ✟ @ A h{s+E ✂ =k   T ,=T
lv d sudfwlfdo wwlqj ixqfwlrq1 Wkh dfwlydwlrq hqhuj| ri wkh wrsrorjlfdo ghihfwv dqg d suhidfwru ri
wkh wwlqj ixqfwlrq duh rewdlqhg dv E ✂ @ 4436 	 5; N dqg A @ 5:<3 	 3:58  43
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uhvshfwlyho|1 Lqvhw= Fduwrrq ri d sdlu ri wrsrorjlfdo vslq ghihfwv +vn|uplrq vwulqj, zlwk Q @ 	41
Wkh khgjhkrj dqg dqwl0khgjhkrj duh vwurqjo| erxqg/ rqh odwwlfh vsdflqj dsduw1
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T yv uhgxfhg pdjqhwl}dwlrqm dw ydulrxv whpshudwxuhv1 Lq wkh fulwlfdo uhjlph/ doo srlqwv
froodsvh rqwr d vlqjoh fxuyh zklfk kdv dq h{wuhpxp dw m  3:91 Wkh wklfn vrolg olqh lv wkh ehvw w
iru wkh prglhg vfdolqj ixqfwlrq ri wkh dqrpdorxv Kdoo uhvlvwlylw|/ Ht1 +9, dw wkh fulwlfdo lvrwkhup
+x @ 3,/ dqg wkh rewdlqhg sdudphwhuv/ ¢
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dqg D+3, duh 0618:  fp/ dqg 415/ uhvshfwlyho|1 Wkh
gdvkhg fxuyh lv wkh ehvw w xvlqj ¨ @ 3:98 lq sodfh ri  zlwk D+3, @ 3:; dqg ¢
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